substrate range that includes numerous structurally diverse 3-Methyladenine DNA glycosylases initiate base excision base lesions. For example, mouse and human 3-MeA DNA repair by flipping the nucleotide bearing the target base glycosylases have been shown to excise 7-methylguanine, 3-out of double-stranded DNA into an active site pocket for methylguanine, 7-hydro-8-oxoguanine (8-oxoG), hypoxanthine glycosylic bond cleavage and base release. Substrate bases (Hx), 1,N 6 -ethenoadenine (εA) and 3,N 2 -ethenoguanine (6,12-for the murine 3-methyladenine DNA glycosylase (other 20). Several of these substrates are mutagenic DNA lesions than 3-methyladenine) include hypoxanthine and 1,N 6 that can be induced by endogenous cellular metabolites (21).
ethenoadenine, two mutagenic adducts formed by both
It is therefore possible that BER initiated by mammalian 3-endogenous and exogenous agents. Using double-stranded
MeA DNA glycosylases could serve to limit spontaneous DNA oligonucleotides containing damaged bases at specific mutation rates as well as to protect against the toxic effects sites, we studied the relative removal rates for these two of methylating agents, such as methylmethane sulfonate adducts when located in different sequence contexts. One (
MMS) (22). of the sequence contexts was an A:T tract, chosen because
In order to study the role of mammalian 3-MeA DNA DNA secondary structure is known to change along the glycosylases in protecting against alkylation-induced toxicity length of this tract, due to a progressive narrowing of the and in limiting spontaneous mutation, the mouse 3-MeA DNA minor groove. Here we report that removal rates for glycosylase gene (Aag) was cloned, and Aag null mouse hypoxanthine, but not for 1,N 6 -ethenoadenine, are dramatembryonic stem cells were generated (6, 22) . Aag null cells are ically affected by its location within the A:T tract. In sensitive to the induction of chromosome aberrations, sister addition, the removal rates of hypoxanthine and 1,N 6 chromatid exchange, cell killing and apoptosis by MMS and ethenoadenine when paired opposite thymine or cytosine MeOSO 2 (CH 2 ) 2 -N-methylpyrrole dipeptide (methyl-lexitropwere examined, and in each sequence context hypoxanthine sin), an agent that specifically produces 3-MeA DNA lesions removal decreased by at least 20-fold when paired opposite (22) (23) (24) . In addition, the Aag null cells are sensitive to 1,3-cytosine versus thymine. In contrast, 1,N 6 -ethenoadenine bis(2-chloroethyl)-1-nitrosourea (BCNU) and mitomycin C, removal was unaffected by the identity of the opposing two chemotherapeutic alkylating agents that produce more pyrimidine. We conclude that the removal of certain bases complex alkylation products. The Aag null embryonic stem by the mouse 3-methyladenine DNA glycosylase can be cells were found to lack detectable 3-MeA, Hx and εA modulated by both adjacent and opposing sequence con-DNA glycosylase activity, suggesting that Aag is the major texts. The influence of DNA sequence context upon DNA glycosylase for these lesions, at least in this cell type. Aag repair rates, such as those described here, may contribute null mice were then generated for the purpose of examining to the creation of mutational hot spots in mammalian cells.
Aag's role in the whole animal; the liver, testes and kidney were each found to lack any detectable 3-MeA, Hx and εA DNA glycosylase activity, suggesting that Aag is indeed Introduction the major DNA glycosylase in mice for several types of damage (14) . Base excision repair (BER) is one of several DNA repair Evidence is accumulating that many different types of DNApathways that help to maintain the stability of the genome. modifying enzymes, including DNA glycosylases, perform Incorrect or damaged bases are removed from double-stranded their function by flipping the nucleotide bearing the base to DNA by DNA glycosylases via cleavage of the N-glycosylic be excised out of the helix and into an active site pocket (25, 26) . bond between the base and the deoxyribose, thus initiating Indeed, a nucleotide-flipping mechanism was demonstrated for BER. A 5Ј-AP (apurinic/apyrimidinic) endonuclease, or an AP the human 3-MeA DNA glycosylase (AAG, MPG) 3-MeA lyase, generates a DNA strand break at the resulting abasic DNA glycosylase, co-crystallized with DNA containing a site and, after trimming of the ends to leave a 3Ј-hydroxyl and pyrrolidine transition state mimic (27) . The crystal structure 5Ј-phosphate, the nucleotide gap is filled by DNA polymerase revealed that the AAG enzyme has a relatively flat DNAbinding surface that contacts both strands of the duplex DNA, helix and may thus be excised more slowly than a target base separated on a 20% denaturing polyacrylamide gel. Gels were exposed to a
In addition, the base that is paired opposite the target base phosphorimaging screen and quantitation of the gels was carried out on a profoundly influences Hx, but not εA, removal. The implicaBioRad GS525 Molecular Imager. Relative initial rates of catalysis are means calculated using three data points within the linear range and corresponding tions of these results for understanding why certain DNA to less than 50% of the total substrate in the reaction; the rates presented are sequence motifs are hot spots for mutation are discussed.
derived from a minimum of two independent experiments and are expressed as fmol/min.
Materials and methods

Purification of recombinant Aag
Results
The mouse Aag cDNA was subcloned from pBE 1.1 (6) into the pCALn vector (Stratagene) to express Aag as an N-terminal fusion protein in-frame
The mouse Aag DNA glycosylase is highly likely to remove poly(dT) run and a purine immediately 3Ј to that run (30-35).
Oligonucleotides containing Hx and εA substrates Figure 2A summarizes the structural changes known to occur
The substrate-containing oligonucleotides used in this study are shown in at an A:T tract. 3Ј to a (dA) 4 tract and thus where the minor groove is the (29-32). In order to test whether Aag-mediated Hx removal narrowest. Figure 2B -D shows representative gels measuring within the (dA) 4 tract is progressively affected by the minor the time course of Aag-mediated Hx removal from the groove narrowing, two additional oligonucleotides were studied -TTTTTHx-, -CAHxGT-and -AAAAHx-oligonucleotides, as ( Figure 1 , oligonucleotides 4 and 5). In the -HxAAAAvisualized by the production of 14mer, 12mer and 15mer oligonucleotide, the Hx is located immediately 5Ј to the (dA) 4 fragments, respectively (see Materials and methods). Identictract and is paired opposite the 3Ј-T of the (dT) 5 run on ally prepared protein from E.coli containing an empty expresthe complementary strand. The minor groove width within sion vector had no detectable Hx or εA DNA glycosylase oligo(dA) tracts is least affected at the 5Ј end of the poly(dA) activity (Aag -ve lanes, Figure 2B-D) . Figure 3A and Table  strand , presumably because, on the complementary strand, the I show that the rate of Hx removal by Aag differed by as junction of the 3Ј-T in the poly(dT) run and the neighboring much as~25-fold depending on the sequence context. The purine disrupts base stacking (30-35). The rate of Hx removal removal rate for Hx located immediately 3Ј to the (dT) 5 (in in the -HxAAAA-oligonucleotide (24.5 fmol/min) was subthe -TTTTTHx-oligonucleotide) was 39.8 fmol/min, whereas stantially higher than that seen for Hx located immediately 3Ј the removal rate for Hx located immediately 3Ј to the (dA) 4 to the (dA) 4 tract in the -AAAAHx-oligonucleotide (1.53 tract (in the -AAAAHx-oligonucleotide) was 1.53 fmol/min fmol/min; Figure 4 and Table I ). In the -AAHxAA-oligonucleo-( Table I ). The removal rate for Hx from the -CAHxGTtide, the Hx lies in the middle of the (dA) 4 tract, and its rate oligonucleotide was intermediate at 12.1 fmol/min (Table I) .
of removal (12.3 fmol/min) was intermediate to that seen for Influence of sequence context upon Aag-mediated εA removal the other two sequence contexts. We infer that as the minor Aag-mediated removal of εA was examined in the same three groove narrows, due to base stacking between A:T base pairs, sequence contexts as shown in Figure 3A for Hx ( Figure 1 , the efficiency of Aag-mediated Hx removal decreases. oligonucleotides 1-3). εA is an alkylation product of adenine
Influence of the opposing base upon Aag-mediated Hx removal that is paired opposite thymine when it is produced in doubleHx can pair with cytosine and induces predominantly A:T to stranded DNA. Surprisingly, the rates of εA removal from this set of sequence contexts differed from each other by less than G:C transition mutations in bacterial and mammalian cells 2-fold ( Figure 3B , Table I ). Removal of an εA located (36-38). In order to test whether Aag can discriminate between immediately 3Ј to the (dA) 4 tract appeared to be slightly better Hx:T base pairs formed in double-stranded DNA and Hx:C (7.0 fmol/min) than that located immediately 3Ј to the (dT) 5 base pairs formed upon DNA replication, the -CAHxGT, tract (5.2 fmol/min), while εA removal from -CAεAGT-(4.2 -TTTTTHx-and -AAAAHx-oligonucleotides were each fmol/min) was the least efficient.
annealed to complementary strands that placed either thymine
Influence of A:T base pair stacking upon Aag-mediated Hx
or cytosine opposite the Hx (Figure 1 , oligonucleotides 1-3 removal and 6-8). For each sequence context, pairing Hx with cytosine dramatically reduced Aag-mediated Hx removal relative to Structural studies demonstrate that the minor groove width decreases progressively from 5Ј to 3Ј along oligo(dA) tracts removal of Hx paired with thymine ( Figure 5A) ; in each more slowly than all Hxs opposite thymines. Influence of the opposing base upon Aag-mediated εA removal εA can pair with cytosine and induces predominantly A:T to context the reduction was at least 20-fold (Table I) . It is interesting to note that the fastest repair rate for Hx opposite G:C transition mutations in bacterial and mammalian systems (39,40). The -CAεAGT-, -TTTTTεA-and -AAAAεA-oligonu-C (in the -TTTTTHx-context) is roughly the same as the slowest repair rate for Hx opposite T (in the -AAAAHxcleotides were annealed to complementary strands that placed removal by Aag is not greatly affected by either the neighboring sequence context or the opposing base.
Effect of substrate concentration
The oligonucleotide substrate concentration used in all the reaction time courses presented in this study was 5 nM. In order to confirm that the initial reaction rate values obtained at this concentration were well within the linear range for each substrate, we measured the initial reaction velocity for Aag over a wide substrate concentration range, namely 12.5-200 nM. Incubation times where less than 25% of the substrate (at 5 nM) was converted to product were chosen; this corresponded to a 30 s time point for the -TTTTTHx-oligonucleotide, a 60 s time point for the -CAHxGT-oligonucleotide, and a 5 min time point for the -AAAAHx-oligonucleotide. Figure  6 shows that the initial velocity values increased over the entire substrate concentration range, and that the velocity measured with 5 nM substrate is well below the V max for each oligonucleotide. Importantly, the effect of sequence context is apparent across the entire range of substrate concentrations examined. The plot shows that the sequence context effect on Aag-mediated removal is not dependent on substrate concentration.
Discussion
Each mutagen produces a characteristic mutational spectrum, and the factors influencing these spectra include the following: the chemical nature and distribution of the induced DNA damage; how the DNA replication machinery copies the damaged template; and the efficiency of DNA repair at the damaged sites. It is now becoming clear that the local sequence context of certain kinds of DNA damage can modulate some fold for the repair of 7-MeG at different positions (46) . These results suggest that the influence of sequence context on the distribution of DNA damage and on the efficiency of repair either thymine or cytosine opposite εA (Figure 1 , oligonucleotides 1-3 and 6-8). For each sequence context, εA was helps to shape mutational spectra. DNA sequences that are highly susceptible to damage but refractory to repair may removed at the same rate whether paired with cytosine or thymine ( Figure 5B and Table I ). Thus, in contrast to Hx, εA contribute to the presence of mutational hotspots in the genome.
Here we explore the influence of DNA sequence context upon present study indicates, however, that the mouse Aag glycosylase might be susceptible to certain structural features of DNA. repair by the mammalian Aag DNA glycosylase, known to be εA differs from Hx in several respects. Whereas Hx can the major DNA glycosylase for the repair of three types of form hydrogen bonds with both thymine and cytosine (38), endogenous DNA base damage, namely, 3-MeA, Hx and the hydrogen bonding face for εA is eliminated by the alkene εA (14, 47) .
bridged between the purine ring N1 and the exocyclic N 6 There are relatively few reports documenting DNA sequence positions. NMR studies indicate that although εA:T base pairs context effects on base removal by DNA glycosylases. Uracil do not disrupt the hydrogen bonding of adjacent base pairs, DNA glycosylases (UDGs) from calf thymus and E.coli have the εA:T base pair itself is not coplanar; in fact the thymine been shown to vary by up to 15-fold in their ability to remove is displaced in order to accommodate the exocyclic alkene uracil from different sequence contexts, and at least for E.coli, ring of the εA base. Such non-coplanar base pairs would these differences appear to contribute to the spontaneous clearly disrupt base stacking adjacent to the εA-containing mutation spectrum (48, 49) . In order to identify sequence base pair. Thus, unlike Hx, the 'flippability' of εA may be contexts that might significantly enhance the mutagenicity of independent of hydrogen bonding with the opposing base, and 8-oxoG, Hatahet et al. (50) used an in vitro selection process independent of base stacking interactions with adjacent bases to identify sequence contexts that affected the rate of repair because these interactions are already disrupted. Differences and/or the frequency of misincorporation during DNA synin εA removal were previously noted for AAεAAA or TTεATT thesis. For the human AAG DNA glycosylase, a correlation versus GGεAGG or CCεACC sequence contexts (51), and between the thermal stability of εA-containing 15mer oligosuch differences appeared to correlate with the thermal stability nucleotides and εA base removal has been reported (51) . Here of the 15mer duplexes. we report up to~25-fold differences in the ability of mouse DNA base lesions that are mutagenic because they mispair Aag DNA glycosylase to remove Hx bases embedded within during replication present a special problem to the cell, a different sequence contexts, where the sequence dependent problem not shared by cytotoxic DNA base lesions that simply effect is likely to be the result of changes in the local secondary inhibit replication. This problem centers on the timing of the structure. Surprisingly, the sequence contexts that dramatically initiation of BER; if BER is initiated at the base lesion after affect Hx removal have little effect on εA removal by the it has formed a mispair (e.g. after Hx has paired with cytosine), same enzyme.
then the completion of BER will rapidly fix a base substitution The general applicability of a nucleotide flipping mechanism mutation into the genome using the mispaired base as template. for removing damaged bases is underscored by X-ray crystal
In E.coli, this problem is solved for 8-oxoG lesions that studies of five different DNA glycosylases (27, (52) (53) (54) (55) . The frequently mispair with adenine in two complementary ways: structures of AlkA and the human AAG proteins are particularly (i) the major 8-oxoG DNA glycosylase (MutM, fpg) efficiently interesting because, despite the fact that these two enzymes removes 8-oxoG from 8-oxoG:C base pairs and is almost have quite different folds, they excise a similar range of inactive for removing 8-oxoG from 8-oxoG:A mispairs; (ii) substrates. The structural feature that AlkA and AAG do share another DNA glycosylase (MutY) can efficiently remove is an active site rich in aromatic amino acids and a catalytically adenine from the 8-oxoG:A mispairs that are formed during essential carboxylate (aspartate in AlkA, glutamate in AAG)
replication. Together, MutM and MutY reduce the induction that is thought to activate a water for nucleophilic attack to of G:C to T:A transversions at 8-oxoG lesions. Here we find release the base (27, 52) . The mouse Aag and human AAG that the Aag enzyme strongly discriminates between Hx lesions cDNAs share a strong identity (83% over 232 amino acids). paired with thymine or cytosine. A Hx DNA glycosylase The dramatic differences in the ability of Aag to remove Hx displaying a similar discrimination was previously reported from each particular sequence context are presumably due to the (57), but whether this activity represents an Aag homolog is nature of Aag's interaction with the local DNA conformation in not clear. It is currently unclear why Aag excises Hxs paired which the target Hx base is located. In the three-dimensional with T better than those paired with C, but it should be noted structure of AAG complexed to pyrrolidine-containing DNA, that, in crystal structure studies, Hx:T and Hx:C base pairs the DNA helix is bent away from the AAG protein at an adopt different conformations. In a crystal structure of a DNA approximate angle of 22°. The contacts that AAG makes with octamer, a Hx:T base pair adopted a wobble conformation the DNA helix appear to be limited to phosphate backbone (58). In contrast, an Hx:C base pair adopted a very similar contacts, except for the tyrosine that inserts into the DNA conformation to a G:C base pair in a dodecamer crystal helix, and residues 164 and 165 (27) . Methionine 164 and structure (59) . It should also be noted that the ability of Aag tyrosine 165 appear to press against the base opposing the to discriminate between Hx:T and Hx:C base pairs would be flipped out abasic site, destabilizing the stacking interactions most beneficial to the organism if there exists a complementary of the opposing base with its 5Ј adjacent neighbor. Because DNA glycosylase for the removal of cytosine from the Hx:C tyrosine 162 inserts into the DNA helix via the minor groove, mispair. Such a repair activity is currently being sought. a narrowing of the minor groove width might reduce the DNA sequence motifs that are particularly susceptible to efficiency of such interactions. Alternatively, it may be harder mutation, such as minisatellites, triplet repeats, inverted repeats for the glycosylase to induce structural perturbations in the and homopolymeric runs have been termed 'at risk motifs' DNA at such sequences where the minor groove width narrows.
(ARMs) and as such represent mutational hotspots (60) . Indeed, DNase footprinting of AAG bound to an abasic site indicated it was recently shown that the inheritance of an ARM in the that AAG covered a span of approximately seven base pairs human APC gene confers a predisposition to colon cancer, (56) , in agreement with the crystal structure. For DNA repair even though the APC allele containing the ARM encodes a enzymes that locate damaged bases amongst vast tracts of perfectly functional protein; this particular ARM contains a undamaged bases, it would make sense for the enzyme to homopolymeric run of As which creates a local hypermutable region in the APC gene (61) . Most of the ARMs thus far contact DNA in a base sequence-independent manner. The characterized appear to influence DNA replication fidelity. 
